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Our anomalous surface x-ray diffraction study of the interface between SrTiO3(001) substrates and thin polar
films of LaAlO3 shows La/Sr interdiffusion leading to neutrally charged Sr1−1.5xLaxO layers. From a thickness of
two unit cells, the LaAlO3 film’s interior retains its polar stacking sequence, which is compensated by a cationic
compositional change of the substrate’s terminating TiO2 layer. While such valence-retaining A-site intermixing
does not resolve the polar catastrophe, it may be a general feature at oxide interfaces influencing the electronic
and magnetic properties.
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I. INTRODUCTION
Interfaces between perovskite-related materials disclose
unanticipated physical properties. Whereas these compounds,
with the general formula ABO3, are of great interest for their
richness in bulk properties, over the past years it has been
identified that surfaces and interfaces add another dimension
to their phase diagrams. One of the most intriguing examples
is SrTiO3(001) (STO) and its interface with LaAlO3 (LAO).
This interface possesses a two-dimensional electron gas
(2DEG), which shows conduction,1 superconductivity,2 and
even magnetic effects,3,4 properties that are absent in the bulk
of both wide-band-gap insulating compounds. Interestingly,
the 2DEG is absent in LAO films thinner than four unit cells,5
unless it is capped by STO.6
The nominal interface is characterized by a transition
from a nonpolar (STO) to a polar (LAO) crystal structure,
which introduces a diverging electrostatic energy. In the
so-called electronic reconstruction scenario, it is proposed that
valence changes of the interfacial titanium from 4 + to 3 + can
annihilate the polar instability and form a 2DEG.7 It has also
been proposed that new conducting phases could form, either
by oxygen vacancies8–10 or by atomic intermixing,11 the latter
of which has been confirmed with a variety of techniques.12
It remains unclear how these scenarios can be reconciled with
the thickness-dependent insulator-conductor transition, since
doping in these cases is expected for any film thickness. Several
papers address this problem, thereby focusing on electronic
reconstruction13,14 or oxygen vacancies.15,16
Transport measurements reveal interfacial carrier concen-
trations much lower than what is predicted by electronic
reconstruction,6 whereas spectroscopic studies indicate both
localized and itinerant Ti 3d states.17 Others report the absence
of band bending and band offsets,18 which would be expected
within the electronic reconstruction scenario.
In order to understand the atomic intermixing and its rela-
tion with the doping mechanism, we make use of anomalous
surface x-ray diffraction (SXRD), focusing in particular on
the cationic composition at the A sites. The most important
result is that La doping of the substrate leads to a vacancy-rich
A-site composition of Sr1−1.5xLax , the formation of which
already starts at the onset of deposition. The uncovered A-site
compositions do not take away the polar instability, which
thus still requires a change from the nominal structure and/or
composition at the B sites. Our data show evidence for such a
mechanism starting at a thickness of three unit cells.
II. EXPERIMENT AND RESULTS
A. Sample preparation
Thin films of LAO with thicknesses of one to five unit cell
layers (hereafter referred to as 1–5UC) were grown on single
TiO2-terminated STO(001) substrates (Crystec) by pulsed
laser deposition (PLD) at an oxygen pressure of 3 ×10−5 mbar.
This intermediate pressure is high enough to avoid bulk
substrate conductivity by oxygen vacancies and allows for
comparison with other studies.
Single TiO2-terminated STO substrates were obtained by
a well-established wet chemical etching procedure.19 During
the deposition of the thin films, use of reflection high-energy
electron diffraction (RHEED) enabled unit cell thickness
control by counting intensity oscillations. The oxygen partial
pressure during deposition was kept at 3×10−5 mbar, while
the substrate temperature was 1043 K. During cool-down
to room temperature, the oxygen pressure was increased to
400 mbar and each sample was kept at 873 K for 1 h in
order to maximize oxidation. After growth, the surfaces of the
films are characterized by atomic force microscopy (AFM),
which shows a terrace-step structure. Typical step heights are
4 A˚ , which is an indication that the substrate’s step height is
maintained after overgrowth by LAO.
B. Data collection and fitting including anomalous CTR’s
Crystal truncation rod (CTR) data sets on the various
samples were obtained at the MPI-MF beamline at the
A˚ngstrom Quelle Karlsruhe (ANKA), Germany.20 The CTR
data were integrated and corrected,21 resulting in sets of
structure factors. For samples 1UC and 5UC, further data
were collected at an x-ray energy of 6.28 keV probing the
La-L1 absorption edge. Structure refinement for these samples
was carried out using the anomalous and nonanomalous data
simultaneously, which prevents large correlations between the
occupancies of Sr and La at the A sites.22 This unwanted
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TABLE I. Results of the data collections and structure refine-
ments of the various samples. Listed are the total number of data
points and unique points after merging using space group P4mm.
CTR’s were measured at 10.00 keV. For samples 1UC and 5UC,
the second values give the number of data points collected at the
La-L1 absorption edge. The value Rmerge indicates the agreement
between different symmetry-equivalent points. Structural models
with p parameters are fitted to all the data, resulting in a single
χ 2 value.
Sample Data points Unique points Rmerge p χ 2 a
1UC 192 + 532 80 + 107 0.172 + 0.165 19 0.92
1UC (90 K) 80 80 19 1.8
2UC 642 149 0.157 23 0.60
3UC 835 196 0.192 20 0.91
4UC 707 201 0.099 27 2.0
5UC 1225 + 532 228 + 107 0.08 + 0.234 37 2.7
aχ 2 = 1
N−p
∑
hkl
(|Fobs|−sE |Fcalc|)2
σ (Fobs)2 , with N the number of measure-
ments, p the number of parameters, F the structure factor, and sE
the scale factor for the particular x-ray energy.
effect is due to the similarity in the atomic scattering factors
(fa) of Sr and La [|fLa − 1.5fSr|  2 for 0 < sin(θ )/λ < 1].
For example, the scattering by a site occupancy of LaxSr1−1.5x
is indistinguishable from an A site fully occupied by Sr. Only
by including data taken at the absorption edge of one of the
two elements, thereby altering fa , can a unique solution for
the site occupancies be found. In order to rule out the effect of
enlarged thermal diffuse scattering, for sample 1UC data were
taken at 90 K as well. Refinement of the low-temperature data
did not reveal any anomaly compared to room temperature,
and essentially the same composition and atomic positions
were found.
Results of data reduction and fitting using space group
P4mm are listed in Table I. Exemplary CTR’s for samples
1–5UC are shown in Fig. 1. A modified version of the program
ROD (Ref. 23) is used to fit structural models to the CTR
data.24 The supplemental material25 lists the refined structural
parameters for all samples.
C. X-ray reflectivity
X-ray reflectivity (XRR) curves (see Fig. 2) taken at 10.0
and 6.28 keV of sample 5UC show a striking difference
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FIG. 2. (Color online) X-ray reflectivity curves of the nominally
five-unit-cell thin film, taken at two different x-ray energies. Open
circles show the data points taken at E = 6.28 keV (blue, upper) and
E = 10.0 keV (red, lower) and their corresponding fits (solid lines).
The inset shows schematically the structure of the film whereby the
colors indicate the effective scattering density ρ ′ that is probed at
each x-ray energy. The interface (IF) has a significantly different ρ ′
at the La-L1 edge.
that is indicative of La interdiffusion. The apparent thickness
as “seen” by the x-ray beam is different for the two x-ray
energies, although they are taken from the same sample.
Since the difference between the two curves is determined
only by the anomalous scattering of La, it must follow that
the difference between the two fitted thicknesses (t6.28 =
27 A˚ and t10.0 = 19 A˚ ) of 8(2) A˚ is the La interdiffusion
depth.
In the XRR regime, the derivative dρ ′/dz of the scattering
density ρ ′ is probed. Far away from resonances, the scattering
density is equal to the electron density ρ. Close to resonances,
the scattering density can be obtained by correcting ρ with f ′
and f ′′, which account for the dispersion and absorption. Our
results indicate that at 10.0 keV, there is hardly any difference
in density between the STO substrate and the interdiffusion
region, whereas at the La L1 edge the contrast between the
substrate and the interdiffusion region is substantial. The fit to
the 10.0 keV data shows some deviation around Q = 0.2. This
is an indication that the real interdiffusion profile is not very
accurately described by the used error function. Nevertheless,
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FIG. 1. (Color online) Crystal truncation rod data (dots) and fits (lines). Shown are the (2,0) rods for samples 1UC (left) to 5UC (right).
Fits to the nonanomalous data are red (upper) and those to the anomalous data are blue (lower). For sample 1UC, the 90 K data are shown by a
dotted dashes.
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FIG. 3. (Color online) (Left) Electron weight at the variousA sites
(ZA = θSrZSr + θLaZLa). Shown are the results for all the thicknesses
of one to five unit cells;A sites in the substrate are in red (bright), those
in the film are black (dark). The levels of ZSr = 38 and ZLa = 57 are
indicated for comparison. Errors are 5%–10% of the values. (Right)
Sum of the total electron weight at the A sites (∑ZA) as a function
of the film thickness. The solid line is a linear fit as described in the
text.
the period of the thickness oscillations is well reproduced, and
it is not expected that more complicated interdiffusion profiles
will change that.
D. Thickness-dependent composition
Figure 3 shows the A-site electron occupation ZA in the
different films obtained from fits to the CTR data whereby
ZA = θSrZSr + θLaZLa, with occupancies θ , ZSr = 38, and
ZLa = 57. It is important to note that a value of ZA close
to 57 means that the site is (almost) completely occupied by
La, and that no Sr can be present. From a thickness of three unit
cells, atomic layers with A sites almost fully occupied by La
occur. The results also show that the A sites in the outermost
film layers are all close to ZA = 38, the same value as in the
substrate.
The A-site electron occupation summed over all layers
within one film, ZA, is plotted in Fig. 3. A linear relation
as a function of film thickness is found, of which the slope
is 54(2) #e/(unit cell layer) and the offset −20(7) #e. From
the slope it can be concluded that, as expected, with the
growth of each unit cell LAO, one complete layer of La
atoms (57#e) is deposited. The negative offset means that
some of the heavier La disappears from the film and is partially
replaced by the lighter Sr. This exchange of Sr and La starts
already with growth of the first unit cell layer and seems
not to change anymore with increasing film thickness. The
A-site compositions summed over all film layers in samples
1UC and 5UC are La0.2Sr0.7 and La4.1Sr0.3, respectively. We
estimate that the error in the total composition per element
will be around
√
n0.1, where n is the number of unit cell
layers.25 This means that we find a significant La deficiency
with respect to the films’ nominal compositions. Furthermore,
we find that a fraction of the La that disappears from the film
stays within two STO unit cells from the interface region,
and the rest diffuses much deeper into the substrate. This
exchange of Sr and La results in a film and near-interface
region containing an appreciable amount of vacancies, which
can only be explained by segregation and accumulation of bulk
STO A-site vacancies.
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FIG. 4. (Color online) (Left) Averaged distances between A sites
(dAA) as a function of the film thickness (lower black dots). The values
for dAA follow an exponential decay (black solid line) to 3.68(7) A˚
for thick films (black dash-dotted line) as described in the text. Also
shown are the values for the distance across the interface of the
substrate and film d0AA (middle blue dots). Values of d0AA level off to
3.92(2) A˚ (dashed line). The diamonds (black, upper) give the refined
occupancies θ of the interfacial Ti atoms. (Right) Schematic atomic
model for an n unit cell thin LAO film and its nominal interface (IF)
with STO.
E. Strain and relaxation
Figure 4 shows the average distances between the A sites,
dAA, along the growth direction for each film. Values for the
distance across the nominal interface with STO, d0AA, are
shown separately in Fig. 4. We find an exponential relation
for dAA as a function of thickness with a characteristic decay
of 2.7(2) unit cells and a thick-film limit of 3.68(7) A˚. The
characteristic thickness coincides roughly with the reported
insulator-conductor transition.5 The thick-film limit is very
close to the expected c-axis lattice parameter of 3.71 A˚ for
a LAO film fully strained to STO, as explained below. The
values of d0AA are significantly larger than dAA and level off at
3.92(2) A˚ from a thickness of three unit cells. This enlarged
distance cannot be caused by strain, but is an indication that the
interfacial atomic configuration differs from the substrate and
film. Nominally the TiO2 layer is flanked by a SrO and a LaO
layer, whereas within the film (compositionally) equal A-site
layers are expected. Such symmetry breaking has been found to
result in enlarged AO-BO2 distances in bulk La0.6Sr0.1TiO3.26
The heterointerface marks the transition between two in-
trinsically different crystal symmetries: Pm¯3m in the substrate
and R ¯3c in the film, whereby thin films are expected to adapt
to the substrate. The cations in bulk LAO occupy atomic
positions on a bcc-based lattice, just as in the perfect perovskite
structure. The rhombohedral crystal structure is determined
merely by small deviations of the oxygen positions from
cubic symmetry by tilts. Around 821 K, LAO shows a phase
transition to cubic.27 If the LAO film were completely relaxed
and adopted its own bulk symmetry, owing to the oxygen tilt
system, very weak reflections would be present in addition to
the main perovskite peaks. For none of the films investigated
here have we found such reflections, and the data were merged
using space group P4mm with a single perovskite cell. Also,
the low-temperature measurements at 90 K of sample 1UC
showed no additional reflections. It could still be that the extra
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reflections are present but too weak to be detected. There
were also no signs for in-plane lattice relaxation, which would
be expected above the critical thickness for the formation of
misfit dislocations. Therefore, we assume the films here to
be pseudomorphic, also with respect to the oxygen octahedra
network.
The out-of-plane film lattice parameter is shown to expo-
nentially approach the nonbulk value of 3.68(7) A˚ with increas-
ing film thickness. This thick-film limit c axis corresponds to
the value expected for the film’s pseudomorphic state. Taking
a Poisson ratio of ν = 0.26 (Ref. 28) and in-plane tensile strain
	 = +0.030 for the LAO film results in an expected strained
c axis of 3.71 A˚.
III. DISCUSSION
It has been found in other studies that indeed La can
diffuse deeply into the STO.12 We find significant amounts
of La in the first two STO substrate unit cell layers, which
means that probably the La level in the deeper layers is
below the sensitivity of SXRD. Cationic diffusion in La-doped
STO has been discussed to be an A-site vacancy-mediated
hopping mechanism, which increases with La doping levels.29
It has also been suggested that for La-doped STO, there
exist two charge-compensating mechanisms, electronic (Ti
valence changes) and ionic (expulsion of Sr), which depend
on the oxygen partial pressure.30 Heating under oxidative
conditions of La-doped STO leads to SrO outgrowth on
the surface, and should result in a substrate composition
Sr1−1.5xLaxTiO3.31 Here we indeed find this composition,
but only in a thin region close to the interface. It is very
likely that this thickness depends on temperature and oxygen
pressure. Including surface Sr islands in the fit models yielded
insignificant coverages, which means that the amount of Sr is
below the detection limit, or that Sr does not order epitaxially
on top of the films.
In an earlier paper, we reported on the LAO/STO interface
structure during PLD of the first unit cell layer.32 Also there it
was found that the occupancy of the atoms in the overlayer was
close to 0.5, and this was interpreted as an incomplete unit cell
layer. In fact, this is completely in line with the present results,
only the less-than-unity occupancies should be interpreted
as being atomic vacancies instead of island coverages.33
The earlier in situ SXRD measurements corroborate the
present study’s outcome that A-site interdiffusion appears with
deposition of the very first layer.
Diffusion of La into the substrate leads to a nonpolar
structure in the form of (Sr1−1.5xLax)2+O2− layers. The
LAO film does contain a polar stacking, which requires that
compensating charges of ±0.5e exist on both its interfaces.7
First, we focus on the films’ terminating unit cell layers, i.e.,
at their free surfaces. Our data indicate that these contain
neutrally charged AO layers. It is most likely that also the
outermost BO2 layers and oxygen atoms together form a
charge-neutral film termination. It is unlikely that a charged
layer would follow the neutral AO layer and terminate the
crystal. A compensating charge of −0.5e should therefore be
formed on the second to last BO2 layer, which is possible in the
form of oxygen vacancies. Indeed, refinement of the oxygen
occupancies in this layer results in values close to the expected
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FIG. 5. (Color online) Schematic view along the (100) direction
of the final atomic structures of samples 1UC (left) to 5UC (right).
The dotted line indicates the nominal interface. The A sites with an
occupancy Sr1−1.5xLax are drawn by the largest spheres. The change
at the interfacial Ti site from a film thickness of three unit cells is
indicated by an enlarged darker sphere.
7/8. Next we consider the film-substrate interface where La/Sr
intermixing takes place. In principle, intermixing does not
take away the diverging electrostatic energy, but would merely
smear out the potential buildup at that particular interface.7 An
offset of ±0.5e is still necessary. Since our data indicate that
this offset is not dictated by the interfacial AO layers, it must
appear on the nearby BO2 layers. Oxygen vacancies in this
layer would cause a positive charge, whereas a negative charge
is required. For the purpose of investigating the composition
of the substrate’s terminating BO2 layer, its Ti occupancy is
refined. The results in Fig. 4 show that from a thickness of
three unit cells, the Ti occupancy drops to about 0.85. This
decreased scattering power is due either to the appearance of
B-site vacancies or to intermixing with the lighter element
Al. Assuming vacancies, a composition of Ti0.85O2 would
result in a charge of −0.6e for this layer. In the case of
Ti/Al intermixing, the scattering power of Ti0.85O2 is almost
indistinguishable from that of a composition Ti0.5Al0.5O2,
which would have a charge of −0.5e. Both scenarios would
provide the required −0.5e charge and compensate for the
film’s electrostatic energy buildup.
The picture of the thin-film atomic structure that emerges
from our study is schematically shown in Fig. 5. Deposition
of LAO on STO leads immediately to La/Sr intermixing,
thereby forming charge-neutral LaxSr1−1.5xO layers and a
nonconducting phase. This charge-neutral layer is found in the
substrate but also in the topmost AO layer of the films. From a
thickness of two unit cells, La-rich layers are formed and with
that a polar film stacking. From a thickness of three unit cells,
we find a compositional change at the substrate’s terminating
B sites, which annihilates the diverging electrostatic energy.
These results show that the expected potential buildup over the
interface of 1–5UC thin films is for a large part structurally
compensated. However, these results cannot rule out that
electronic reconstruction, albeit in much weaker form, is the
mechanism responsible for the 2DEG formation.
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Vacancies play a role in LAO surface reconstructions,34
STO grain boundaries,35 and they could be responsible for
inhomogeneities by clustering.36 They also contribute to the
strain state,37 and could therefore play a role in strain relaxation
at oxide heterointerfaces. The vacancy-mediated valence-
retaining intermixing found here would provide a pathway for
strain relaxation over typical diffusion lengths without altering
the typical ionic nature on either side of the interface. This
might be a general feature at oxide heterointerfaces.
IV. CONCLUSION
We have investigated by anomalous SXRD the LAO/STO
atomic interface structure for one to five unit cell thin films.
All the films investigated show La deficiency and contain
many atomic vacancies. Irrespective of the thickness, all
the substrates are doped with La, thereby forming charge
neutral Sr1−1.5xLaxO layers. From a film thickness of two unit
cells, a polar LAO stacking sequence can be identified. The
resulting electrostatic energy buildup is partly compensated
by a compositional change at the B sites in the substrate’s
terminating TiO2 layer.
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